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SCALABLE LASER WITH ROBUST PHASE LOCKING 

5 

BACKGROUND OF THE INVENTION 

10 Field of Invention 

This invention relates to lasers. Specifically, the present invention relates to 
multiple core laser systems and related phase-locking techniques. 

15 Description of the Related Art 

Lasers are employed in various demanding applications including fiber optic 
telecommunications, laser surgery, bar code scanning, compact disk readers, and 
military targeting and tracking. Such applications often demand compact, high- 
20 power, eye-safe lasers. 

Small, high-power, eye-safe lasers are particularly important in military 
airborne applications, including airborne ladar, range finding, target identification, 
and missile guidance, which often involve large standoff distances. Missile and 
25 aircraft space constraints necessitate particularly compact lasers. Unfortunately, 

conventional eye-safe lasers are often too bulky and under powered for many military 
applications. 

Eye-safe laser systems typically either emit directly at eye-safe wavelengths or 
30 generate beams that are frequency-converted to eye-safe wavelengths between 1 .4 and 
1.8 microns. Lasers that emit directly at eye-safe wavelengths often employ glass 
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hosts, which severely limit thermal handling, power scalability, and overall laser 
system applicability. 

To enhance power output, Nd-doped YAG crystal (Y3A/5O12) lasers are often 
5 employed. Nd:YAG lasers typically employ frequency conversions, such as Raman 
and optical parametric oscillators (OPO's) to convert an intermediate beam into an 
eye-safe beam operating between 1.4 and 1.8 micron wavelengths. These systems 
require several relatively large pump sources and bulky conversion optics and are not 
readily scalable to high average power or high pulse power. Consequently, Nd:YAG 
10 lasers employing conventional frequency-conversion systems are impractical for 
many applications. 

Alternatively, combining multiple laser beams via phase locking based on the 
Talbot effect may increase power scalability. However, phase-locking systems based 

15 on the Talbot effect generally require precise periodical structures of equal lengths to 
facilitate phase locking. Phase locking of Multiple Core (multicore) Fiber (MCF) 
lasers via the Talbot effect generally requires individual equal-length fiber cores and 
is highly dependent on the individual power output in each core. Unequal length 
fibers may yield prohibitively inefficient lasers. Furthermore, the fibers require 

20 precise periodic positioning. Mechanical and thermal manufacturing issues 

necessitate expensive processing for precise fiber length equalization and periodic 
fiber positioning, which may yield prohibitively expensive lasers. 

Furthermore, the number of elements that can be phase locked via the Talbot 
25 effect is generally limited by common cladding multiplexing issues. Consequently, 
power-scalability is limited. To achieve multi-kilowatt powers, several multicore 
fiber lasers would be required. However, the Talbot effect is insufficient to 
effectively phase lock and thereby coherently combine several multicore fiber laser 
oscillators. 



30 



Attorney Docket No. PD-02W202 



Page 3 



Alternatively, a digital control method is employed to phase lock multicore 
fiber outputs. The digital control method involves measuring phases of beams output 
from individual multicore fibers and then providing feedback to the multicore fiber 
pump sources to align output phases to facilitate beam combining, i.e., phase locking. 
5 Unfortunately, such phase-control techniques often require complicated and 
expensive digital control loops and beam phase measuring equipment. 

Hence, a need exists in the art for an eye-safe, high-quality, robust, cost- 
effective, compact, and light-weight laser that is readily scalable to high average 
10 power and high pulse energy. There exists a further need for a unique phase-locking 
system that can efficiently combine arbitrary numbers of fiber laser oscillator outputs 
without requiring precise fiber length equalization or stringent periodic positioning. 

SUMMARY OF THE INVENTION 

15 

The need in the art is addressed by the robust scalable laser system of the 
present invention. In the illustrative embodiment, the inventive laser system is 
adapted for use in high power applications requiring eye-safe laser beams. The laser 
system includes plural fiber laser oscillators. A cavity external to the fiber laser 
20 oscillators coherently combines plural laser beams output from the plural fiber laser 
oscillators into a single output laser beam. 

In a more specific embodiment, the plural fiber laser oscillators are eye-safe 
laser oscillators, such as double-clad Er: YAG laser oscillators. The laser system 
25 further includes high-power laser pump sources, such as laser diodes, that are coupled 
to the fiber laser oscillators. The pump sources are end-coupled via pigtails or 
discrete imaging optics. Alternatively, the pump sources are side coupled, edge 
coupled, fusion coupled, and/or coupled via a reflective cavity. 

30 In the specific embodiment, the fiber laser oscillators are either very closely 

equivalent lengths or substantially differ in length by more than approximately ~1.5 
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centimeters. The cavity incorporates an external spatial filter that includes beam- 
flattening optics, a lens pair having a filtering aperture therebetween, and a feedback 
mirror. 

5 The novel design of the present invention is facilitated by the use of an 

external cavity to efficiently phase lock plural fiber oscillator outputs. By employing 
an external cavity to implement a spatial filter, large numbers of individual laser 
beams may be efficiently combined, thereby enabling systems to be scaled to high 
average powers and high pulse powers as needed. In addition, by combining 

10 individual eye-safe fiber laser beams into a single beam in accordance with techniques 
of the present invention, a high power laser beam operating in the eye-safe range 
between 1.4-1.8 microns is readily achievable. Use of Er:YAG crystal fiber laser 
oscillators that are directly coupled and pumped by high power diode lasers yields 
extremely compact and high power laser systems. Furthermore, employing robust 

15 external cavity techniques that do not rely on precise oscillator cavity lengths and do 
not require equal individual element output powers to efficiently phase lock, reduces 
overall system cost and improves implementation feasibility. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 

Fig. 1 is a diagram of a high power multicore fiber laser employing a robust 
coherent phase locker and plural diode array pump sources according to an 
embodiment of the present invention. 

25 Fig. 2 is a more detailed cross-sectional diagram illustrating the coherent 

phase locker of Fig. 1. 

Fig. 2a is a diagram illustrating a first alternative low order phase locker also 
employing diffraction but with a solid light pipe non-imaging optic. 
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Fig. 2b is a diagram illustrating a second alternative mode selector for 
achieving low-order mode selection for coherent combining based on volume Bragg 
diffracting gratings. 

5 Fig. 3 is a more detailed diagram illustrating a diode array pump source of Fig. 

1 employing clad end pumping and a pigtail light pipe. 

Fig. 4 is a diagram of an alternative diode array pump source employing clad 
end-pumping and discrete imaging optics. 

10 

Fig. 5 is a diagram of an alternative embodiment of the multicore fiber laser of 

Fig. 1. 

DESCRIPTION OF THE INVENTION 

15 

While the present invention is described herein with reference to illustrative 
embodiments for particular applications, it should be understood that the invention is 
not limited thereto. Those having ordinary skill in the art and access to the teachings 
provided herein will recognize additional modifications, applications, and 
20 embodiments within the scope thereof and additional fields in which the present 
invention would be of significant utility. 

Fig. 1 is a diagram of a high power multicore fiber laser 10 employing a robust 
coherent phase locker (also called spatial filter or external cavity) 12 and plural diode 
25 array pump sources 14 according to an embodiment of the present invention. For 
clarity, various features, such as mounting systems, doping profiles, and so on, have 
been omitted from the figures. However, those skilled in the art with access to the 
present teachings will know which features to implement and how to implement them 
to meet the needs of a given application. 

30 
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The laser 10 includes the pump sources 14, which are connected to individual 
double-clad laser fibers 16 via multi-mode fiber optic pigtail light pipes 18. The laser 
fibers 16 include integral back reflectors, as discussed more fully below. In one 
embodiment, the integral back reflectors are distributed Bragg grating mirrors that are 
5 positioned within the fibers 16. The laser fibers 16 are also called laser oscillators, 
resonators, or elements in the present discussion. Furthermore, for the purposes of the 
present discussion, the terms phase locker, mode selector, and spatial filter are 
interchangeable. 

10 The fiber bundles 16 are grouped into a fiber bundle 34 for convenience. The 

fiber bundle 34 provides output to the spatial filter 12, which is implemented via a 
combining optical assembly in the present embodiment. The spatial filter 1 2 includes 
an array of beam-flattening optics 20, which include hexagonal beam-flattening 
collimating lens pairs 22 positioned to receive laser energy from each fiber 16. The 

15 hexagonal beam-flattening optics 22 are followed by a first collimating lens 24, a 

second collimating lens 26, and a feedback mirror 28, which are all part of the spatial 
filter 12. An aperture is positioned between lenses 24 and 26 as discussed more fully 
below. 

20 In operation, electrical power is selectively applied to the diode array pump 

sources 14 at a desired repetition rate, waveform, and amplitude via a power 
controller 30. In the present specific embodiment, each diode array pump source 14 
includes several individual Light Emitting Diode (LED) emitters, such as high-power 
laser diodes. 

25 

When power is applied to the diode pump sources 14, individual diode 
emitters, as discussed more fully below, emit light into the light pipes 18. The light 
pipes 18 couple the emitted light to the fibers 16. As the emitted light travels through 
the fibers 16, it bounces off the walls of the fibers 16, which are designed for total 
30 internal reflection, and pass through Er:YAG crystal cores. The emitted light, i.e., 
pump light induces population inversion in the Er:YAG cores within the fibers 16, 
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causing spontaneous emission within the cores at eye-safe frequencies. The 
spontaneous emission results in laser light that becomes amplified as it propagates 
along each of the fibers 16. Individual laser beams generated within the fibers 16, 
which are single-mode fibers, are Gaussian-like Transverse Electromagnetic (TEM 0 o) 
5 mode beams. Other modes are not present. 

The lengths of the fibers 16 are set to provide longitudinal mode overlap 
between the beams travelling along the fibers 16 to ensure that different fibers can 
operate at the same wavelength(s), providing maximum beam combining efficiency 
10 via the spatial filter 12, which is also called a phase- locker. In one embodiment, the 
fibers 16 are near equivalent lengths. In another embodiment that is discussed more 
fully below, the fibers differ in length sufficiently (by more than 1.5 centimeters) to 
ensure that free spectral range is exceeded so that longitudinal mode overlap occurs 
between individual fiber output beams via the spatial filter 12. 



In a long cavity length oscillator of length L (here L is the optical length, 
where refractive index is taken into account; the optical length is the product of 
physical length and the material refractive index (n)), the longitudinal mode spacing 
(Av = v q+ i - v q , where v q is the frequency of a "q" mode) defined by the resonator 



or in terms of wavelength (AX=X q +\ -X q , where X q is the wavelength of a "q" mode): 

25 



15 



20 cavity is: 




[1] 




[2] 
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where c is the speed of light, and X is the center (peak) laser wavelength. For a 5 
meter long resonator, the longitudinal mode spacing (for a 1645nm laser peak 
wavelength) is approximately 0.0028 Angstroms. 

The linewidth (8v or bX in frequency and wavelength domains, respectively) 
of a laser active medium gain spectrum determines a number (N) of longitudinal 
modes that laser is capable to oscillate: 



10 



15 



20 



25 



N = 



Sv 
Av 



SX 
AX 



[3] 



The longer the oscillator cavity length L, the larger number of longitudinal 
modes can participate in the laser generation process. Linewidth of Er:YAG active 
medium is about 1 Angstrom; thus, Er:YAG gain medium can support approximately 
N * 375 modes for exemplary 5 meters long fiber laser resonator. 

As the lengths of the fibers 16 vary, so do the mode spacing Avj and the 
number of longitudinal modes within the gain linewidth Nj (Avj and Nj are the mode 
spacing and the number of longitudinal modes corresponding to a "j" fiber laser). If 
the lengths of fibers differ substantially, so that the difference in number of modes 
(AN=/Nj - Nk/) for any two (numerated as "j" and "k") different fibers is greater than 
two, such that AN>2, then the longitudinal mode distributions corresponding to 
different fibers will provide such overlap that there will be one or several particular 
modes closely matched in wavelength(s): Xj q = , whereXj q is "q" mode of a "j" 
fiber and X^ m is "m" mode of a "k" fiber. The condition AN>2 leads to the 
requirement on the difference AL in lengths of any two fibers in the fiber bundle (AL= 
|Lj - L k | ; Lj and L k are lengths of fiber lasers "j" and "k", respectively): 



AN = 



Sv 


Sv 




SX 


SX 


Av, 


Av k 




AAj 





r X 2 

>2 leads to AL > — = — . [4] 
Sv SX 
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Large enough difference in lengths of fibers provides the possibility for all 
fiber lasers in a bundle to operate at the same common wavelength(s) randomly 
picked up within the gain linewidth. The operation at a common wavelength(s) is 
forced by a coherent phasing mechanism due to the use of a common resonator with a 
5 spatial filter inside. Longer fibers and larger gain linewidth make it easier for such 
longitudinal mode overlap conditions take place. In the example of Er:YAG fiber 
lasers with about 1 Angstrom linewidth, the difference in optical lengths should be 
more than -1 .5cm. This usually occurs naturally with fibers of several meters long, 
unless one intentionally makes them precisely equal. 

10 

Therefore, either ensuring precisely equal lengths of the Er:YAG fibers 
(oscillators) 16, or deliberately making these oscillators 16 with varying lengths with 
length differences exceeding 1.5 centimeters, ensures that all fiber oscillators 16 will 
be capable of longitudinal mode overlap, and therefore capable of being phase locked 
1 5 via the spatial filter 12. 

Depending on gain linewidth, fiber lengths, and length differences, 
longitudinal mode overlap may give not just one but multiple closely matched 
wavelengths. In this case, an additional spectral etalon (not shown) can be used to 

20 select the operation only at one particular common wavelength. This situation may 
occur for Englass fibers because of its very large gain bandwidth. Unlike glass laser 
gain media, Er: YAG crystal exhibits a sharp gain profile, which may help to maintain 
the spectral purity of the overlapped phase-locked output beam 32, and, consequently, 
no additional etalons may be required to limit the wavelength selection of the 

25 individual fiber oscillators 16. 

The possibility for all fiber lasers to operate at a common wavelength(s) due to 
longitudinal mode overlap may not be enough for coherent phasing. Coherent 
phasing may also require a phase matching mechanism that forces the phases (q>j) of 
30 individual laser beams travelling in different fibers to be matched (or equal with 

regard to any integer number of 2n (or X in distance) phase differences) in a common 
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plane after beam combining optical element. Thus, the overall combined beam, 
output from the hexagonal optics 20, and formed by multiple individual beams, gets 
near flat phase in the plane prior to entering the spatial filter 12, as discussed more 
fully below. 

Phase difference, I AcpjJ = I (pj - (p k i , between phases (pj and cpk corresponding 
to any two "j" and "k" individual fiber laser beams travelling resonator round trip 
distances Lj and L k respectively can be written as 



10 \A<p Jk \ = ^2\Lj-L k \, [5] 



where X is a common operating wavelength. Difference in round trip distances, 
2 1 ALjk I =2 1 Lj - L k I , is related mainly to the difference in fiber lengths and usually is 
very large compare to wavelength X. The phase difference, showing explicitly an 
1 5 integer number of full 2n cycles is: 



\A<p Jk \ = \AL Jk \ = 2n\M jk + f jk ], [6] 



where Mjk is a large integer number, and fjk is a number less than one. Phase 
20 matching occurs when all fjk are equal to some value, f|k = f, common for all fiber 

lasers in the bundle, regardless how different and how large the integer numbers Mjk 
are. Without loss of generality, one can say that the exact phase matching condition 
occurs when f = 0. 



25 Exact coherent phasing occurs when there is a common wavelength/frequency, 

Xj q = Xot Vj q = v, and a phase match, fjk = 0, for all fiber lasers. There will be always 
some initial non-equalities in these conditions, which in practice will be self adjusted 
and accommodated during laser operation. Multiple nonlinear mechanisms and 
processes in active lasing medium and laser cavity, specifically those that responsible 
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10 



15 



20 



for changing refractive index (n) and length, may help in self-adjusting and 
facilitating the wavelength and phase matching conditions. 

Variations of refractive index (5n) and optical length (8L) will result in 
variations of frequency (5v) and phase (Sep) as follows: 



Preferably, phase variation is calculated relative to 2n cycle and frequency 
change is calculated relative to longitudinal modes spacing. The universal formula 
describes this as follows: 



Even small changes in 5n and 5L can be sufficient for coherent phasing for 
large enough magnitude of 8cp, 5v variations: 8<p/27t, 5v/Av ~ 1 . In the considered 
example, A,=1645nm and L=5m, so that 2LA, ~ 6x1 0 6 and 8L/L~8n/n~10~ 7 is 
sufficient. 

Multiple nonlinear mechanisms may contribute to coherent phasing at such 
small required levels of 5n and 8L changes. The change in the electron population 
among the various energy levels in an active lasing media may lead to a change in 
refractive index. In addition, slight changes in the heat distribution and successive 
temperature deviations will also lead to a refractive index and optical length changes. 
Both mechanisms are related to the slight variations of lasing output power. For 




[7] 
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instance, taking the exemplary numbers for [(dL/dT)/L]~5xlO~ 6 and [(dn/dT)/n]~3xlO~ 
6 , one can estimate that temperature deviation of about dT~0.02 °C is enough to make 
8(p/27i, 6v/Av ~ 1. Thus, this clearly indicates that phase locking, i.e., coherent 
phasing of the individual oscillators will easily be facilitated in this system. 

5 

Phase-locking techniques disclosed herein for combining many individual 
oscillators can also be applied to Ybrglass fiber lasers/amplifiers, micro-lasers arrays, 
semiconductor lasers, and so on, without departing from the scope of the present 
invention. 

10 

Let us describe in more detail how the phase locking mechanism works. Laser 
light travelling along the fibers 16 may have variations in intensities, amplitudes, and 
phases. The beam- flattening optics 20 in the spatial filter 12 flatten the intensity 
profiles of beams emerging from the fibers 16 so that each beam has an approximately 
15 uniform cross-sectional intensity profile and a flat phase front. 



The adjacent beams emerging from the beam-flattening optics 20 have 
different phases and amplitude profiles. Consequently, the collimated laser light 
emerging from the array of beam-flattening optics 20 generally has an overall random 
20 phase and amplitude profile. 



The random phase and amplitude profile results in higher order transverse 
modes in a combined beam output from the first collimating lens 24. However, the 
spatial filter 12 attenuates these higher order modes, as the combined beam oscillates 

25 between the feedback mirror 28 and integral back reflectors in the fibers 16. 

Consequently, only the lowest order transverse mode remains in the beam 32 output 
from the feedback mirror 28, which is a partially transmissive mirror. The lowest 
order transverse mode corresponds to the desired output beam of a coherently phased 
fiber laser array. The exact reflectivity of the feedback mirror 28 is application- 

30 specific and may be determined by one skilled in the art to meet the needs of a given 
application without undue experimentation. 
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In the present specific embodiment, the diameters of the first collimating lens 
24 and the second collimating lens 26 are approximately equal to the diameter of the 
array of beam-flattening optics 20. Beam-flattening optics are well known in the art, 
and one skilled in the art with access to the present teachings may construct the array 
5 of beam-flattening optics 20 without undue experimentation. 

The diode pump sources 14, also called pigtail-coupled emitter arrays, emit 
light at approximately 1500 nm (1470 - 1550 nm). The emitted light causes 
spontaneous emission in the Er:YAG resonator cores of the fibers 16 at approximately 
10 1 .650 microns. 



Those skilled in the art will appreciate that different types of modulation 
schemes may be employed to pump the laser 10, without departing from the scope of 
the present invention. Furthermore, the laser fibers 16 may be pumped via pumping 
15 sources other than light-emitting diodes, such as via microlaser arrays or other lasers. 

The construction of suitable laser fibers equipped with Er:YAG crystal 
resonator cores and accompanying cladding are known in the art. The exact doping 
concentrations of erbium (Er) in the YAG (Yttrium- Aluminum Garnet, Y3A/5O12) 
20 crystal substrate are application-specific and may be determined by one skilled in the 
art to meet the needs of a given application. Furthermore, systems and methods for 
integrating back reflectors, such as Bragg grating mirrors in laser fibers are also 
known in the art. 

The laser system 10 is a very compact direct diode-pumped multiplexed 
25 system that has significantly improved applicability and integration flexibility. The 
laser system 10 may be readily integrated in applications requiring high-power, 
robust, eye-safe laser systems that can withstand significant thermal variations. 



30 



No directly diode pumped Er:YAG crystal fiber lasers are known to the 
inventors. Furthermore, no conventional robust phase-locking techniques that can 
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efficiently combine numerous fiber oscillators via an external cavity technique are 
known. 

Fig. 2 is a more detailed cross-sectional diagram illustrating the spatial filter 
5 12 of Fig. 1. In the present specific embodiment, the plural laser fibers 16, which are 
EnYAG fibers, are each equipped with integrated Bragg reflectors 40, which act as 
back reflectors positioned in resonator cavities within the fibers 16. The fibers 16 
output individual Gaussian-like TEMoo beams 42 toward separate beam-flattening 
optics 22 that are adjacent to the first collimating lens 24. The beam-flattening optics 
10 22 collimate and flatten individual Gaussian-like TEM 0 o beams into top hat laser 
beams and form a combined beam, which is symbolized by the random phase and 
amplitude multiple beam profile 44. 

A small aperture 46, with a predetermined diameter, is centered at the focal 
15 point of the first collating lens 24, which also coincides with the focal point of the 
second collimating lens 26. The feedback mirror 28 follows the second collimating 
lens. The optical components 24, 46, 26, and 28 are approximately centered about an 
optical axis 48 of the spatial filter 12. 

20 In operation, the integral Distributed Bragg Reflectors (DBR's) 40 act as back 

mirrors that help establish a laser cavity, wherein laser energy oscillates and 
amplifies, between the DBR's 40 and the feedback mirror 28. A spatial filtering 
cavity forms between the DRB's 40 and the feedback mirror 28 and acts to combine 
the top hat laser beam 44 output from the beam-flattening optics 20 into the combined 

25 single mode output beam 32. 

The DBR's 40 are volume gratings that provide wavelength selective 
feedback. The fibers 16 lase on a single or several longitudinal modes. As 
temperature and input current to the pump sources (see 14 of Fig. 1) are changed, 
30 lasing hops between longitudinal modes stay near the peak reflectivity of the DBR's 
40. The construction of DBR's are known in the art, and one skilled in the art could 
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readily integrate appropriate DBR's into fiber to implement an embodiment of the 
present invention without undue experimentation. 

The DBR f s 40 may be replaced with other types of distributed gratings without 
departing from the scope of the present invention. Lasers with distributed gratings are 
often called distributed feedback lasers. Instead of providing abrupt reflection like a 
metal mirror, a distributed grating reflects a portion of energy at each part of the 
grating. At the back of the grating, the laser energy has been completely reflected. 
The reflected light is always in the correct phase regardless of the part of the grating 
that the light reflects from. The reflection distribution may enhance cavity resonance. 

Laser light travelling along the fibers 16 may have variations in intensities, 
amplitudes, and phases. The beam- flattening optics 20 flatten the intensity profiles of 
beams emerging from the fibers 16 and collimates them so that each beam has an 
approximately uniform cross-section intensity profile and a flat phase front. The 
adjacent beams emerging from the beam- flattening optics 20 have different phases 
and amplitude profiles. Consequently, the combined laser light emerging from the 
array of beam-flattening optics 20 generally exhibits the overall random phase and 
amplitude profile 44. 

The resulting light is focused by the first collimating lens 24 into the aperture 
46, before passing through the second collimating lens 26. The focal point of the 
second collimating lens 26 also coincides with the position of the aperture 46. The 
output of the second collimating lens 26 is a combined beam, having attenuated 
higher order modes. The higher order modes result from differences in phases in the 
individual beams output by the beam- flattening optics 22. 

A portion of the combined beam, called the return beam, reflects from the 
feedback mirror 28 back through the collimating lenses 24, 26, where any higher 
order modes are attenuated further. The return beam passes back through the beam- 
flattening optics 22, where it multiplexes and couples as individual beams back into 
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the individual fibers 16. The return beam reflects from the integral back reflectors 40 
in the fibers 16 and then returns back through the first collimating lens 24 and second 
collimating lens 26. Hence, higher order modes are attenuated by the spatial filter 12 
as the laser energy passes back and forth through the external aperture between the 
5 collimating lenses 24, 26, yielding the single-mode combined laser beam 32. 

The spatial filter 12, also called a phase- locker, employs a unique external 
cavity technique. The technique is called an external cavity technique, since a portion 
of the overall laser cavity exists outside of the individual fibers 16. The portion of the 
10 cavity extending from the beam-flattening optics 20 to the feedback mirror 28, 

wherein laser light oscillates back and forth through the aperture 46, is external to the 
gain medium, i.e., Er.YAG resonator cores within the fibers 16. 

In the present embodiment, the elongated Er:YAG laser fibers 16 are 
15 resonantly pumped. The fibers 16 are highly efficient, and the resonator cores are 
formed from a YAG crystal gain medium having relatively low erbium doping 
concentrations. Molecular erbium concentrations in the YAG crystal substrate are 
approximately 0.5% or greater to facilitate high efficiency operation. At relatively 
low erbium concentrations (< 0.5% doping), parasitic losses are insignificant, and 
20 achievable optical-optical efficiencies are relatively high. 

Er:YAG has excellent energy storage capability, and higher gain than Er: glass 
and negligible re-absorption. Er: YAG is a quasi four level lasing medium, which 
yields reduced red shifting. Reduced red shifting may be useful in building a 
25 frequency-stabilized laser but is not required for coherent phasing. 

The resonantly pumped Er:YAG lasers 16 lase directly within the eye-safe 
wavelength window between 1.4 and 1.8 microns. Er:YAG lasers are pumped 
directly into the upper laser excited state and have a small quantum defect, ensuring 
30 high efficiencies and low thermal loading. 
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Use of the EnYAG laser gain medium yields several advantages. The 
Er:YAG laser fibers 16 yield high absorption efficiencies. The Er:YAG gain medium 
employed in the fibers 16 has excellent energy storage capability (even better than in 
Yb:YAG lasers) but higher gain than Er:glass lasers and negligible re-absorption, 
5 since erbium in a YAG host acts as a quasi-four level laser. This drastically reduces 
red shifting often associated with Er:glass lasers. 

Use of the unique external cavity spatial filter 12 and accompanying unique 
phase-locking technique facilitates scalability to multi-kW power levels without 
10 compromising the modular structure exhibited by the laser fibers 16 and pump 

sources 14. Furthermore, the laser system 10 is direct diode pumped, which yields 
inherent compactness and integration flexibility. 

In the present embodiment, the pump sources 14 are diode laser arrays with 
15 kW-level power capability. These diode pump arrays 14 are coupled to the fibers 16 
via inner cladding, such as via an end-pumped or side-coupled configuration. The 
integral back reflectors 14 in each Er:YAG crystal fiber laser resonators 16 allow for 
the necessary feedback in the coherent combining feedback cavity, i.e., spatial filter 
12. 

20 

The spatial filter 12 coherently combines and phase locks multiple output 
beams from the fibers 16 in to the single coherent output beam 32 via an external 
cavity approach that approach that does not depend on stringent dimensional control 
of the individual fiber oscillators 16. The portion of the cavity formed between the 

25 feedback mirror 28 and the beam-flattening optics 20 is external to the fiber lasers 16. 
However, laser energy returning from the feedback mirror 28 returns back through the 
fibers 16 and reflects from the integral Bragg grating mirrors 40, which are also called 
distributed Brag reflectors, and returns back to the external portion of the cavity. The 
external portion of the cavity between the beam flattening optics 20 and the feedback 

30 mirror 28 is called an external cavity for the purposes of the present discussion. 
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Selectively positioning the aperture 46 in the transform plane of the external 
cavity lens pair 24, 26, followed by the feedback mirror 28 (also called an output 
coupler) ensures that only in-phase field components exhibit significant feedback, 
since the completely out-of-phase components will be lossy and, therefore, 
5 suppressed. 

The aperture 46 may be implemented as pinhole for only the fundamental 
mode feedback or via a fitted (matched) aperture with side lobe generation. Those 
skilled in the art will know which type of aperture and how to construct it to meet the 
10 needs of a given application. 

The diffraction of the entire system 10, assuming single phase matched wave 
front, is based on the effective aperture diameter (D) of the collimating lens pairs 24, 
26 assuming that this aperture is about equal to the diameter D of the combined beam 
15 44. The coherent diffraction angle (0 co herent) is then: 



9 = 

u coherent £) ' 



where A is the beam wavelength. The beam spot size (<i C oherent) at the focal plane is: 

^coherent = ^coherent xF, [10] 

where F is the focal length of the common lenses. Hence, for the individual elements, 
the diffraction angle (Element) in the non phase-locked (non-phased) case is: 



20 



25 



@ element ~~ , > 
a element 
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where Element is the diameter of the beam-flattening lenses 22. Equations (9) and (1 1) 
could be equivalent to 0 element = — in the case of a true square symmetry. 

In a symmetrical 2-D arrangement of M elements, the effective aperture 
5 diameter (D) is proportional to the diameter of each element (D= 4m d element ). The 

effective diffraction angle (fton-phased) f° r out-of-phase energy, i.e., for the non phase- 
locked (non-phased) array is then: 



10 



Q non- phased ~ ^ coherent > t 12 ] 



and 



^non-phased ^ion-phased^5 [13] 

1 5 where c/ n on- P hased is the effective spot size for the non-phased array, and F is the 
effective focal length. 

It follows that phase and frequency locking enables only the least lossy 
condition, which is the phased condition, to dominate, since the out-of-phase 
20 components will exhibit a much higher loss and will be suppressed by a factor of M 
on each pass. 

The relative transmission (7) per pass of the non-phased mode is: 

25 T~(dcoherent / d n0 n-phased) 2 = VM [14] 

J 

Clearly, the completely non-phased mode, i.e., out-of-phase mode, will be 
extremely lossy and will not be sustained. The partially phased locked modes, even 



Attorney Docket No. PD-02W202 



Page 20 



with only a small fraction of the oscillators out of phase, will see a reduction in 
transmission, and consequently, gain, and will be suppressed. 

For a laser system including approximately 100 fiber oscillators 16, even one 
5 pair of oscillators being out of phase will result in approximately a 2 % loss per pass 
of the lossy mode. This is still a viable operation condition for the implementation of 
phase-locked operation. 

To efficiently fill the two-dimensional space within the external cavity 
10 (represented generally by the spatial filter 12), hexagonal lens geometry (as shown in 
Fig. 1) is employed for the lenses 22. This enhances the fill factor of the two- 
dimensional Er:YAG fiber oscillator array formed by the fiber oscillators 16. 

The beam-flattening optics 20, which act as a collimating lens array, 
15 transforms the Gaussian TEM 0 o mode coming out of the single mode fiber oscillators 
16 to a flat top with greater than 95 % efficiency. This is sufficient to facilitate 
efficient phase locking of the individual oscillators 16. 

To effect coherent phase locking of individual fiber oscillators, the following 
20 conditions are satisfied. The oscillators operate with frequencies ( Vj = V) within the 
gain bandwidth of the ErrYAG lasing medium or exhibit sufficient mode overlap; and 
the phases of the individual oscillators match (<Pj = (p) or exhibit sufficient mode 
overlap. 

25 To ensure V y = V, a possible solution is to make the individual fiber 

oscillators 16 of identical length. Although, manufacturing fibers 16 with 
approximately identical lengths is possible, the cavity comprising the free space 
length from the fiber ends to the common output feedback mirror 28 is difficult and/or 
expensive to make equal in length for all of the fiber oscillators 16 due to mechanical 
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and thermal issues. Making the fibers deliberately different lengths with sufficient 
deviation (> 1.5 centimeters) such that frequency mode overlap, also called 
longitudinal mode overlap, occurs within the gain bandwidth of the laser oscillation is 
often more advantageous or practical. 

5 

The coherent combining approach implemented via the spatial filter 12 
involves passive and self-induced phase locking. The spatial filter 12 is relatively 
insensitive to even large fluctuations in the path length of the individual oscillator 
elements 16, such as due to mechanical, thermal and acoustic interference. In 
10 addition, the spatial filter 12 does not require precise align alignment of the phase- 
locking cavity due to the robust nature of the spatial filter 12. In addition, the spatial 
filter 12 is not limited to use with Er:YAG crystal fiber lasers, but applicable to any 
laser oscillator system including slab laser oscillators. 



15 Unlike conventional phase-locking systems that rely on the Talbot effect, 

which requires a very precise path length alignment and maintenance and, 
consequently, has limited applicability, systems and methods disclosed herein are 
more robust and versatile. 



20 Fig. 2a is a diagram illustrating a first alternative low order phase locker 12' 

also employing diffraction but employing a solid light pipe non-imaging optic 50 in 
place of the lenses 24, 26 and aperture 46 of Fig. 2. The solid light pipe 50 may be 
omitted, leaving a free space propagation distance (/) between the beam-flattening 
optics 20 and the feedback mirror 28, without departing from the scope of the present 

25 invention. 



In the first alternative diffractive low order mode selecting system (phase 
locker) 12* of Fig. 2a, coherent phasing is achieved by inserting the solid light pipe 
(non- imaging optic) 50, or alternatively, a free space propagation distance, which has 
30 the appropriate length (/) and numerical aperture to facilitate only the lowest order 
mode feedback. In the present embodiment, the length (/) of the light pipe 50 is 
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approximately a function of laser wavelength (A) and the diameter (D) of the 
combined beam output from the beam-flattening optics 20: 

D 2 

Z ~^P [15] 

5 

The light pipe 50 may be implemented in glass with low numerical aperture cladding 
to facilitate attenuating high order modes and to ensure coherent combining. 

Fig. 2b is a diagram illustrating a second alternative mode selector 12" for 
10 achieving low-order mode selection for coherent combining based on two adjacent 
sets of crossed volume Bragg diffracting gratings 52, also called diffractive Bragg 
gratings or orthogonal distributed Bragg diffractive gratings. The alternative mode 
selector 12" acts as a diffractive mode feedback selector. 

15 The Bragg gratings 52 ensure that feedback between the strategically oriented 

feedback mirror 28 and the distributed Bragg reflectors 40 in the laser fibers 16 occurs 
only at the lowest diffraction modes, thereby facilitating coherent combining. Those 
skilled in the art with access to the present teachings will know how to position and 
orient the Bragg gratings 52 and the feedback mirror 28 to meet the needs of a given 

20 application, without undue experimentation. 

Fig. 3 is a more detailed diagram illustrating a diode array pump source 14 of 
Fig. 1. The diode array pump source 14 includes a base 60 having plural Light 
Emitting Diodes (LED's), such as laser diodes 62. The laser diodes 62 are oriented to 

25 aim light into the fiber optic pigtail light pipe 18 that is coupled to the base 60. The 
pigtail light pipe 18 is wide enough to accommodate the pump source base 60 and 
tapers to mate with one end of a laser fiber 16. The laser fiber 16 includes an Er:YAG 
core 64 surrounded by inner dielectric 66. The laser fiber 16 is said to be double clad 
with inner dielectric 66 and an outer wall dielectric 68. The outer dielectric 68 has a 

30 sufficiently high index of refraction to cause total internal reflection of light travelling 
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within the fiber 16. In the present specific embodiment, the outer dielectric 68 is 
approximately 1 micron thick Si0 2 . 

In operation, the diodes 62 are pulsed at a predetermined frequency or are 
5 Continuous Wave (C W) modulated at a predetermined frequency in response to 
signals from the power source/controller (see 30 of Fig. 1). In the present specific 
embodiment, the diodes 60 then emit light at approximately 1.532 microns to create 
electron population inversion and stimulate spontaneous photon emission in the 
EnYAG fiber core 64. The emitted light is guided by the pigtail light pipe 18, 

10 exhibiting total internal reflection, into the double-clad laser fiber 16. The emitted 
light then bounces internally along the walls of the fiber laser 16, repeatedly passing 
through the Er:YAG core 64, and thereby stimulating population inversion and laser 
emission within the core 64 at approximately 1.650 microns, which is in the eye-safe 
range between 1.4 and 1.8 microns. The emitted laser light travels approximately 

15 parallel to and is confined to the fiber core 64, which may also exhibit internal 

reflection. Energy from the laser diodes 62 is concentrated in the central portion of 
the resonator core 64. 

Distributed Bragg reflectors 40 are integrated within the core 64 of the fiber 
20 16 to facilitate light amplification within the laser resonator core 64. By facilitating 
coupling of plural laser diodes 62 into a single fiber laser resonator core 64, high 
powers are readily achievable. This enhances the scalability of accompanying lasers. 
Depending on the gain media, intra-cavity etalons (not shown) may be added to 
achieve a desired gain profile. 

25 

The construction of diode arrays, such as the diode array 62 and the 
accompanying base 60, is well known in the art. One skilled in the art may employ 
commercially available diode arrays to implement an embodiment of the present 
invention without undue experimentation. Note however that coupling plural diode 
30 sources into a single fiber is not well known in the art. 



Attorney Docket No. PD-02W202 



Page 24 



Fig. 4 is a diagram of an alternative diode array pump source 14 1 employing 
clad end-pumping and discrete imaging optics 70. The operation of the pump source 
14* of Fig. 4 is similar to the operation of the pump source 14 of Fig. 3 with the 
exception that the pigtail light pipe 18 of Fig. 3 is replaced with the discrete imaging 
5 optics 70, which are positioned between the diode lasers 62 and an open end of the 
laser fiber 16. The discrete imaging optics 70 focus stimulating light output from the 
diode lasers 62 in to one end of the laser fiber 16. 

Fig. 5 is a diagram of an alternative embodiment 10'of the multicore fiber laser 
10 10 of Fig. 1. The operation of the multicore fiber laser 10 f of Fig. 5 is similar to the 
operation of the multicore fiber laser 10 of Fig. 1 with the exception that the laser 10' 
includes a disk-shaped reflective cavity structure 80 in Fig. 5 to facilitate 100 percent 
absorption of pump light into the laser cores 64. The laser system 10* employs a 
compact pumping arrangement, wherein the pump diode array sources 14 are coupled 
15 into the reflective disk structure 80 to efficiently capture all the pump light. 

Individual double-clad fibers 16' extend from the diode pump sources 14 and 
feed into the disk-shaped resonator cavity 80. The exposed fiber resonator cores 64 
are wound within the reflective cavity structure 80. Stimulating light from the diode 
20 pump sources 14 is input to the reflective cavity structure 80 via the fibers 16' and 
internally reflects within the reflective cavity structure 80, passing through the 
resonator cores 64, resulting in electron population inversion within the Er: YAG 
crystal cores 64 and stimulated emission. 

25 In the present embodiment, the double-clad fibers 16' lack resonator cores. 

Instead, the resonator cores 64 are wound within the reflective disk cavity 80 and 
have distributed Bragg grating mirrors 40 positioned near back ends of the resonator 
cores 64. The resonator cores 64 may extend into the double-clad fibers 16' to the 
pump sources 14 without departing from the scope of the present invention. 



30 
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In the present alternative embodiment, the crystal resonator cores 64 are 
equivalent lengths or differ sufficiently, such as by more than 1.5 centimeters, to 
result in longitudinal mode overlap when coherently combined, i.e., phase-locked by 
the spatial filter 12. 

5 

The disk-shaped resonator cavity 80 may be replaced with another volumetric 
cavity, such as a spherical cavity, a cylindrical cavity, or rectangular cavity, without 
departing from the scope of the present invention. Alternatively, side coupling, end- 
coupling, fusion coupling, prism coupling, or other coupling methods may be 
10 employed in addition to or instead of the reflective cavity structure 80 to facilitate 

coupling of pump light to the Er:YAG resonator cores 64. One skilled in the art may 
construct an appropriate reflective disk cavity to meet the needs of a given 
implementation of the present invention without undue experimentation. 

1 5 Thus, the present invention has been described herein with reference to a 

particular embodiment for a particular application. Those having ordinary skill in the 
art and access to the present teachings will recognize additional modifications, 
applications, and embodiments within the scope thereof. 

20 It is therefore intended by the appended claims to cover any and all such 

applications, modifications and embodiments within the scope of the present 
invention. 

Accordingly, 

25 



WHAT IS CLAIMED IS: 



